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ABSTRACT: Inorganic cubic rubidium—lead-halide perovskites have attracted Optimization
considerable attention owing to their structural, electronic, and unique optical ofPCE and
properties. In this study, novel rubidium—lead-bromide (RbPbBr;)-based hybrid S—

perovskite solar cells (HPSCs) with several high-band-gap chalcogenide electron ([ =HEiE

transport layers (ETLs) of In,S,;, WS,, and SnS, were studied by density functional

doping ~ N
theory (DFT) and using the SCAPS-1D simulator. Initially, the band gap and optical
performance were computed using DFT, and these results were utilized for the first . el S .

Temperature

Article Recommendations |

Optimization
of ETL
materials

time in the SCAPS-1D simulator. Furthermore, the impact of different major
influencing parameters, that is, the thickness of the layer, bulk defect density, doping
concentration, and defect density of interfaces, including the working temperature,
were also investigated and unveiled. Further, a study on an optimized device with the D
most potential ETL (SnS,) layer was performed systematically. Finally, a
comparative study of different reported heterostructures was performed to explore

the benchmark of the most recent efficient RbPbBr;-based photovoltaics. The highest power conversion efficiency (PCE) was
29.75% for the SnS, ETL with V,_ of 0.9789 V, J.. of 34.57863 mA cm™?, and fill factor (FF) of 87.91%, while the PCEs of 21.15 and
24.57% were obtained for In,S; and WS, ETLs, respectively. The electron—hole generation, recombination rates, and quantum
efficiency (QE) characteristics were also investigated in detail. Thus, the SnS, ETL shows strong potential for use in RbPbBr;-based
hybrid perovskite high-performance photovoltaic devices.

. N y

generation and
recombination

1. INTRODUCTION

A significant breakthrough in the field of photovoltaics has
been made possible by the development of perovskite materials
as possible replacements for efficient solar cell technology.
Perovskite from the A;MX; (where A is a larger size inorganic
cation, M is a smaller metal cation, and X is an anion) group
has lately emerged as a standout candidate, revealing
remarkable characteristics that make it very well suited for
solar energy conversion applications.l_s On the other hand,
recently, ABX; (A and B are cations, and “X” is an anion)-type
perovskite is also used for applications involving the
conversion of solar energy. Perovskites are ideal for a variety
of applications, including photovoltaics, optoelectronics,
catalysis, and energy storage due to their exceptional
properties, which include high electron and ion mobility,
tunable band gap, and efficient light abs.orption.7_10 The
scientific community is very much interested in perovskite
materials because they may be used to achieve an outstanding
performance of PV (photovoltaic) solar cells."' ~'* Perovskite-
based organic—inorganic hybrid solar cells (HPSCs), which
have high light absorption, low defect density, long charge-
carrier lifespan, high charge-carrier flexibility, and low
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stimulation binding energies, are significantly advancing device
design and element control.'®™* These organic cations’
volatility and thermal instability represent the biggest
interruption to their wide-ranging commercial applications.”!
However, inorganic RbPbBr; can significantly speed up
advancing the fabrication of perovskite hybrid solar panels
(cells) owing to their exceptional electronic and optical
properties.”” RbPbBr, has a suitable band gap (~1.31 eV)
and a high absorption coefficient of ~10° cm™' with enhanced
thermal stabilities and structurally inflexible phases at room
temperature.”>">° A suitable choice of efficient electron
transport layers (ETLs), an insertion of favorable element
ions into the RbPbBr; host lattices, is an efficient approach to
obtaining improved PV performance.”’ ">’ The ETL offers the
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Figure 1. (a) Crystal structure of RbPbBr;, (b) device structure, (c) energy band diagram with the In,S; ETL, (d) energy band diagram with the
WS, ETL, (e) energy band diagram with the SnS, ETL, and (f) the energy band alignment with the optimized structure (Al/FTO/SnS,/RbPbBr;/

Au).

easiest pathway for transporting electrons through the
perovskite surface to an electrode preventing the recombina-
tion of electrons and holes notably and ensuring loss-free
passing of incident solar spectra.’”’' Several solar cell
architectures have been developed and put forth to date;
however, when compared to different RbPbBr;-heterostructure
variants, their PCEs are found to be as high as expected.”””’
The two-dimensional (2D) chalcogenide sulfur (S)-based

ETLs of In,S;, WS,, and SnS, have been found to be promising
for RbPbBr; heterostructure photovoltaics. Among them, SnS,,
with a band gap of up to 1.6—2.24 eV and an absorption
coefficient of ~10° cm™, appears to be one of the best
potential materials as an ETL for fabricating high-efficiency
solar cells, retaining the large ability for charge transmission as
well as accumulation with a well-aligned band structure. The
wide-band-gap SnS, has also shown high electron flexibility
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and rigidity with the visible wavelengths of the light spectrum,
thereby efficiently transporting carriers from the photoactive
layers to the electrode, resulting in boosting the overall device
performance.**

In this study, RbPbBr;-based hybrid perovskite solar cells
(HPSCs) with several chalcogenide ETLs of In,S;, WS,, and
SnS, have been studied. Initially, the impact of different major
influencing parameters, namely, the layer thickness, bulk defect
density, doping concentration, and interface defect density,
including the working temperature, were investigated and
unveiled. After that, a systematic study of an optimized device
with the most potential ETL (SnS,) layer was performed.
Finally, a comparative study on different reported hetero-
structures was performed to design the most recently
developed efficient RbPbBr;-based photovoltaics. However,
the SnS, ETL is not only suitable for Rb-based PSC devices
but can also be used in many other types of PSCs with
outstanding performance, such as CsPbl;, FAPbI;, MAPbI;,
FAMAPbI,, Sr;Sbl,, Sr;PL;, and Ca;NI; >~

2. CONSTRUCTION AND SIMULATION
METHODOLOGY

A one-dimensional solar cell capacitance simulator (SCAPS)
application was used for the simulation to examine the
proposed Al/FTO/ETLs (In,S;, WS,, or SnS,)/RbPbBr;/Au
photovoltaic cells, assigned as Devices I (SnS,), II (WS,), and
II (In,S;), respectively. At the Electronic and Information
Systems Department of the University of Ghent, Belgium,
SCAPS-1D software was invented. By resolving fundamental
equations, continuity equations for electrons and holes, and
electrostatic potential equations under steady-state conditions,
both structures were anticipated and analyzed systemati-
cally.*>*" Figurela shows the crystal structure of an inorganic
cubic RbPbBr; perovskite. Figure 1b shows the symmetric
structures of devices I-III at a given time. The PV cell
consisted of a p-type absorber layer, a highly doped n-type
ETL (In,S;, WS,, or SnS,) layer with an FTO window layer
and an Au back-metal electrode. Figurelc—e shows the energy
band diagram (EBD) with an illustration of the carrier
dynamics for the corresponding devices, and Figurelf shows
the energy band alignment with the optimized structure of
(Al/FTO/SnS,/RbPbBr;/Au). The electron—hole pair for-
mation within the device is confirmed by the specific positions
of quasi-Fermi states Fn and Fp under illumination. The
generation of electron—hole pairs within the device is
confirmed by the offset between the absorber VB and CB.
The difference in the work function (WF) between the
absorber and transmission layers is the cause of the observed
offset. At the absorber/ETL interface, the integrated voltage
and related fields of electricity assist in the separation of the
generated light.

3. RESULTS AND DISCUSSION

3.1. Band Structure. The band structure of the RbPbBr;
perovskite with the Brillouin zone path I'-X—M—-R-T" is
shown in Figure 2. Using the GGA-PBE function, we obtained
a band gap of 1.31 eV at the R-point in Figure 2. The GGA-
PBE function produces more reasonable results. We indicated
the energy levels from —5 to +5 eV, and at point R, the
material’s band structure reveals a direct gap with a value of
1.31 eV, with the vertical line representing the Fermi level (Ey)
= 0 eV. The material’s direct band gap is caused by an unusual
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Figure 2. Band structure of the RbPbBr; perovskite.

occurrence where the highest energy level of the valence band
coincides precisely with the lowest energy level of the
conduction band at a specific symmetry point (R). The
material’s high absorption coeflicient is due to this straight
band gap.

3.2. Optical Properties. Figure 3a,b illustrates the optical
characteristics of the RbPbBr; perovskite, including the optical
absorption and the imaginary and real components of the
dielectric function. The optical absorption coeflicient is an
essential indicator of how well a material is able to absorb light
energy and offers compelling evidence in favor of solar
efficiency.””**~*" The profile of the optical absorption
coefficient displays traits that are reminiscent of the imaginary
component of the dielectric constant for all configurations. The
greatest peak in the optical absorption spectrum can be found
for the RbPbBr; perovskite structures in the visible region.
Figure 3a demonstrates the absorption coeflicient of the
RbPbBr; perovskite structures as a function of the photon
energy. The optical properties of RbPbBr; that have been
studied here show a good fit with the previously reported
results.”"*’

The complex dielectric function, which is energy- or
frequency-dependent, is transformed using the Kramers—
Kronig eq 1

e() = &(w) + iey(w) (1)

where the real part is defined by &,(w) and the imaginary part
is defined by i¢,(w).

The real portion of the dielectric constant can be used to
calculate the dispersion effects and polarization. The zero-
frequency limit, £,(0), which corresponds to the electronic
component of the real dielectric function, is the best essential
quantity in the real part & (w). For cubic RbPbBr,, the
computed &,(0) value is 5.8. The values of the real part €,(®)
began to increase from &,(0), first reaching the highest value,
after which they decreased and produced many peaks. In
general, large band gap materials have a lower peak dielectric
constant value than low band gap materials. The imaginary
component of the dielectric function is a crucial property for
assessing the optical absorption and the ability of crystal
structures to store energy from neutral charge excitations.
Furthermore, the imaginary portion &,(®) is closely tied to the
system’s band structure. The &,(®) values of RbPbBr; suggest
a broad absorption spectrum. The transition of carriers from
the VB to the CB is shown by the peaks of the imaginary
component of the dielectric constant.

Table 1 demonstrates simulation parameters for the active
materials of FTO, In,S;, WS,, SnS,, and RbPbBr;, which were
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Figure 3. (a) Optical absorption and (b) the imaginary and real parts of the dielectric function.
Table 1. Input Parameters of the FTO, ETL, and Absorber Layer
parameters FTO* InZS347’49 WSZ3°’46 SnS,** RbeBr323
thickness (nm) 50 10 10 10 1000
band gap, E, (eV) 3.6 2.8 2.20 2.24 1.31
electron affinity, y (eV) 4.5 4.45 4.5 424 4
dielectric permittivity (relative), €, 10 13.5 13.6 10 5.8
CB effective density of states, N¢ (1/cm®) 2 %x 10" 1.8 x 10" 2.8 x 10'® 22 % 10'® 7.6 X 10'®
VB effective density of states, Ny, (1/cm?) 1.8 x 10" 4 x 108 1.9 x 10 1.8 x 10" 2 x 10Y
electron thermal velocity (cm s7") 1% 107 1 x 107 1% 107 1% 107 1 x 107
hole thermal velocity (cm s™*) 1% 107 1x 107 1 X 107 1% 107 1x 107
electron mobility, y, (cm? V™! s71) 100 400 100 S0 S0
hole mobility, p;, (cm?> V™' s7") 20 210 100 50 50
shallow identical acceptor density, N (1/cm?) 0 0 0 0 1 x 10"
shallow identical donor density, Ny, (1/cm?®) 1x 10 1 x 107 1 x 107 1 x 107 0
defect density, N, (1/cm®) 1x 10" 1 x 102 1 x 10 1 x 10" 1 x 10

collected from the previous notable literature, and the realistic
thermal velocity of the electrons and holes were fixed at 10" cm
712330384947 The back and front electrodes were made of
gold (Au) and aluminum (Al) having WFs of 5.37 eV (110)
and 4.2 eV (100), respectively. Table 2 lists the parameters of
the absorber/ETL interface used for each of the three
proposed photovoltaic devices.

Table 2. Data for Interface Parameters Used in the
RbPbBr;-Based Solar Cells

RbPbBr,/ RbPbBr,/ RbPbBr,/

parameters In,S; WS, SnS,
defect type neutral neutral neutral
o, (cm?) 1 x 10¥ 1 x 10¥ 1 x 10¥
o, (cm?) 1 x 10¥ 1 x 10¥ 1 x 10¥
E, 0.6 0.6 0.6
total defect density (cm™) 10'°-10% 10'°—10% 10'°—10%
energetic distribution single single single
working temperature (K) 275—400 275-400 275—-400

3.3. Optimization of Thickness and Charge-Carrier
Concentration of the Absorber Layer. Figure 4a shows the
impact of variation of the absorber layer thickness of 100—
2000 nm to obtain the optimized performance of the proposed
devices while keeping the other parameters unchanged, as
demonstrated in Table 2. The carrier generation as well as
substantial recombination rates increase with increasing
thickness of the absorber layer noticeably. With increasing

19827

absorber layer thickness, the open-circuit voltage and V. of the
PSC increased for every configuration of the three different
ETLs. A value of 0.95 V was obtained within device I for the
SnS, configuration, though the increment rate was high (from
0.69 to 0.84 V) for device III (In,S;). Similarly, the short-
circuit current (J,.) increased with increasing thickness of the
absorber layer, owing to improved spectral absorption,
especially at longer wavelengths. The J,. increased from 12
to 32.77 mA cm > for device III, from 17.025 to 35.14 mA
cm™? for device I, and from 19.34 to 35.12 mA cm™ for device
II. The saturated spectral absorption and domination of
charge-carrier recombination at a thick absorber layer of
>1000 nm for each of the three configurations. These changes
in V,. and ] are consistent with those reported in previous
articles.”" > The cell fill factor (FF) is almost unchanged at 87
and 79% for devices I and II, respectively, while it increases
from 68 to 85% for device III with increasing absorber layer
thickness. A PSC usually operates at its maximum value when
the absorber layer thickness and charge-carrier diffusion length
are equal.

A higher number of photons are absorbed in a thick
absorber layer; however, the rate of recombination also
increases simultaneously. Thus, a proper equilibrium is
essential within the absorption of light and separation of
bearers to obtain high performance.””™>> With a series of
simulations, the V. values of 0.951, 0.897, and 0.8267 V, J.
values of 34.55, 34.5548, and 30.22 mA cm™% FF values of
87.49, 79.05, and 84.46%, and consequently, the PCE values of
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Figure 4. Impact of variation in (a) absorber layer thickness and (b) doping density of the absorber on the PV parameters V,, J,, FF, and PCE.

28.75, 24.56, and 21.11%, were obtained at an optimal
RbPbBr; absorber layer thickness of ~1000 nm for the SnS,,
WS, and In,S; ETL configurations, respectively.

Figure 4b illustrates the changes in the electronic parameters
of V,, J» FF, and PCE with the acceptor-doping density (N,)
of the RbPbBr; absorber from 10° to 10'® cm™ for the three
proposed configurations. During optimization, the V. of the
PSC remained almost unchanged up to an N, of 10'* cm™. At
higher N, ie, beyond N, of 10" cm™, the V. tends to
increase, which leads to a lower shift in the Fermi energy level
of the hole, resulting in improved built-in potential.*® The V.
reaches up to 0.97 and 0.90 V for devices I and II, while it is
0.88 V for device III with a relatively higher rate of change.
Similar behavior was also observed for FF with noticeable (2—
3%) improvement, reaching almost saturated values of 87.49,
79.23, and 84.46% for the SnS,, WS,, and In,S; ETL
configurations, respectively, at a N, of 10" cm™, as
summarized in Table 3 These results were consistent with
those of previous reports.””**

Table 3. PV Characteristics of Solar Cells Based on
RbPbBr; are Compared with Different ETLs

parameters SnS, WS, In,S;
thickness (nm) 10 10 10
Voc (V) 0.951 0.8967 0.8267
Jsc (mA cm™) 34.5542 34.5466 30.22143
FF (%) 87.49 79.23 84.46
PCE (%) 28.75 24.56 21.1

19828

3.4. Optimization Thickness of Various ETLs. Figure 5
shows the effects of SnS,, WS,, and In,S; ETL thicknesses on
the PV parameters in the range of 10—500 nm, keeping the
remaining adjusted parameters unchanged, as demonstrated in
the aforementioned tables. An insignificant change in the PV
parameters was observed when varying the ETL thicknesses in
the range of 10—500 nm.

Consequently, V,, J,, FF, and PCE changed from 0.95 to
0.9498 V, 34.55 to 34.6993 mA cm™2, 87.49 to 87.53%, and
28.75 to 28.85%, respectively, for the SnS, ETL. For the WS,
ETL, J, slightly improved from 34.55 to 34.554 mA cm?,
while the FF and PCE decreased from 79.23 to 79.05% and
24.56 to 24.49%, respectively. Similarly, J, FF, and PCE
changed from 30.22143 to 30.34129 mA cm™? 84.46 to
84.32%, and 21.1 to 21.15%, respectively, for the In,S; ETL.
However, for both the WS, and In,S; ETLs, the value of V,
remained constant. Such independence of the ETL thickness
over a wide range exposes the versatility of the practical film
fabrication for application to the proposed device structures.
Moreover, considering the sufficient spectral transparency of
the ETL and practical thin-film fabrication challenges, we
chose an optimum thickness of 10 nm for further study.

3.5. Optimization Donor Density and Bulk Defect
Density of the SnS, ETL. Figure 6a depicts the effect of
variation in the doping concentration (Np) of the SnS, ETL
on the PV parameters in the range of 1 X 10" to 1 X 10*
cm ™. The V. remained almost the same up to N, = 1 X 107
em ™3, and it started to decrease (from 0.979 to 0.9786) when
Np increased over 1 X 10'7 cm™>, while the J,. and FF
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Figure S. Thickness effects of various ETLs.

remained constant at 34.58 mA cm™? and 87.91%, respectively.
A similar trend was observed for the three structures
corresponding to changes in Np.’’*" Thus, the optimum

value of N of the ETL was chosen to be 10" cm™
considering the realistic behavior of SnS, thin films for the
next stages of this study.

Figure 6b shows how the N, (bulk defect density) of the
SnS, ETL impacts the effectiveness of the proposed structure.
The V,, J, FF, and consequently, the PCE remained nearly
constant up to N, = 10'® cm™>, while the N, of SnS, increased
from 10" to 10* cm™>, showing notable vulnerability gain
defects. Thereafter, the FF started to decrease from 87.91 to
87.24%, resulting in a reduction in the PCE from 29.74 to
29.48% for increasing N, from 10" to 10 cm™. This behavior
of PV parameters was found to be consistent with a previous
report.”’ Thus, the N, of 10'7 cm™ was chosen as an ideal
value for further study in later sections.

3.6. Influence of Layer Thickness and Defect Density
Variation of the RbPbBr; Absorber on PV Performance.
Figure 7 shows the change in the defect density and thickness
of the RbPbBr; absorber layer from 10'° to 10'® cm™ and from
0.1 to 2.0 um, respectively, to examine the effect of defect
density on solar cell performance. The solar cell performance
metrics degrade dramatically when the RbPbBr; defect density
exceeds 10'> cm™.>" The ETA, FF, ], and V,_ of the Al/
FTO/SnS,/RbPbBr;/Au structures decrease from 30.33 to
9.44%, 87.91 to 61.66%, 35.2 to 20.17 mA cm™>, and 0.98 to
0.7592 V, respectively, when the bulk defect density and
absorber layer thickness are altered from 10'° to 10'® cm™ and
0.1 to 2.0 um. According to Figure 7a, the highest V. of 0.98 V
is achieved when the thickness is above 1 ym, and the defect
density is below 1 X 10" cm™. However, when the defect
density exceeds 10'> cm™, V,_ significantly drops to 0.7592 V.
According to Figure 7b, the thickness must be greater than 1

um, and the defect density must be lower than 10" cm™ in
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Figure 7. Effects of absorber thickness and defect density variations on photovoltaic performance parameters: (a) V,, (b) J,, (c) FF, and (d) ETA.

order to reach the highest J,. value of 35.2 mA cm™>. Figure 7c
shows that the FF reaches its maximum value of 87.91% when
the thickness is greater than or equal to 1 ym, and the defect
density is less than or equal to 10'* cm™. However, if the
defect density increases beyond 10" ¢cm™, the FF sharply
drops to 61.66%.

Figure 7d demonstrates that the thickness range of 0.25—2.0
um and the defect density of up to 10'> cm™ have resulted in
the greatest conversion efficiency, exceeding 29%. The
introduction of high defect states in the absorber layer results
in a high carrier recombination rate in the cell, which in turn
leads to a reduction in cell performance.’”®" The best
combination of parameters for achieving the highest possible
PCE of 29.75% has been identified, which includes a constant
thickness of 1.0 pym for the RbPbBr; absorber layer and a
defect concentration of 10'* cm™. At these values, the solar
cell achieved a V. of 0.9789 V, a J,. of 35.57863 mA/cm?, and
an FF of 87.91%.

3.7. Influence of Layer Thickness and Interface
Defect Density Variation of the RbPbBr; Absorber on
PV Performance. The characteristics that control how light
and electricity interact with one another can be changed by
defects in the material system. The effectiveness of the cell is

19830

also significantly impacted by the quality of the interface. To
investigate the impact of interface defect density on the
performance of the RbPbBr;-based solar cell, Figure 8 shows
the changes in the defect density of the SnS,/RbPbBr;
interfaces from 10'° to 10" cm™ and in the thickness of the
RbPbBr; absorber layer from 0.1 to 2.0 pm, respectively. When
the interface defect density of SnS,/RbPbBr; exceeds 10"
cm™?, respectively, there is a notable decrease in the solar cell
performance parameters. When the defect densities of the
SnS,/RbPbBr; interfaces are increased from 10'° to 10 cm™
and the absorber layer thickness is increased from 0.1 to 2.0
um, the values of ETA, FF, ], and V_ decrease.

The following values decrease, in particular: ETA (30.29—
4.92%), FF (87.9—61.48%), J.. (35.08993 to 35.20497 mA
ecm™2), and V. (0.979 to 0.2282 V). The V,_ values are shown
in Figure 8a. Figure 8b demonstrates that the maximum value
of ], which is 35.20497 mA cm™?, is attained at a thickness of
2.0 um and a defect density below 1 X 10'* cm™. When the
thickness of the absorber is 1.0 ym, the interface defect density
is less than or equal to 10" cm™. Figure 8c illustrates that the
FF achieves its highest value of 87.9%. However, FF
considerably decreases to 61.48% when the interface defect
density reaches 10" cm™ and the absorber thickness is less
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Figure 8. Effects of absorber layer thickness and interface defect density (RbPbBr,/SnS,) variations on photovoltaic performance parameters: (a)

V. (b) Ji (c) FF, and (d) ETA.

than or equal to 1.0 ym. According to Figure 8d, a maximum
conversion efficiency of over 29.75% is attained when the
thickness is between 0.1 and 2.0 ym, and the defect density is
below 10" cm™.

3.8. Analysis of Carrier Generation and Recombina-
tion. Figure 9a,b displays the carrier generation and
recombination rates for the position in the optimized SnS,/
RbPbBr; heterostructure device, respectively. In the carrier
generation process, electrons excited by incident photons in
the VB jump to the CB, leaving a hole in the VB and producing
electron—hole pairs. This carrier generation increases by the
release of holes and electrons produced by these PSCs, which
retain avalanche behaviors. For the modified structure, the
highest generation rate was seen at a location of around 1 pm.
The higher photon absorption at that particular position
resulted in the highest rate of generation in that region
(absorber layer). Herein, an almost linear total generation was
obtained in the optimized SnS,/RbPbBr; heterostructure with
the highest value of over 10** cm®s™', while the highest total
recombination value was observed at almost 10’ cm?® s™'
simultaneously in similar regions. SCAPS-1D determines the

generation of the pairs of electron—hole, G(x), corresponding
to the net flashing photon flux, Ny (4, %), using eq 2 as
follows

G(A; x) = a(i, x)'Nphot(’l’ x) ()

However, holes and electrons of the CB fall in the
recombination process after generation, having a shorter
lifetime than their lifetime, owing to the presence of
recombination centers (defects), higher carrier density, and
longer diffusion length. This is because, in comparison to other
regions, the greater number of electrons inside the CB cross
the energy barrier and are shipped toward the VB, where they
stabilize and occupy the exact location of a hole that exists.
The energy levels generated by such events cause a noticeable
effect on the recombination of the electron—hole profile.
Additionally, the distribution rates of recombination may not
be uniform due to grain boundaries and defects. Thus, defects
and their distribution, carrier density, and duration of charge
carriers have an impact on the rate of recombination in PSCs,
which requires careful consideration during practical device
fabrication with minimal recombination centers.
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Figure 9. (a) Total generation, (b) total recombination, (c) hole concentration, and (d) electron concentration rate with respect to distance of the

optimized device.

Figure 9¢,d shows the hole and concentration rates for the
positions in the optimized SnS,/RbPbBr; heterostructure
device. The effective density of states (DOS) in the valence
bands and the hole concentration are caused by acceptor
concentrations in the absorbers that are liable for net carrier
mobility, which is undoubtedly beneficial for high-efficiency
device fabrication.”** A stable hole concentration of 10"
cm™ throughout the absorber regions with a low electron
concentration of 10" c¢m™ was obtained at optimized
conditions under the chosen parameters demonstrated in
previous tables. The hole mobility of RbPbBr; perovskite with
less e-h recombination and a significant carrier generation rate
was found to be an effective and promising absorber material
for the fabrication of high-performance thin-film solar cells
combined with a SnS, ETL.

3.9. Effect of Temperature on the Proposed Opti-
mized RbPbBr;-Based Perovskite. Figure 10 demonstrates
the impact of the working temperature (WT) of the RbPbBr;
perovskite on various PV parameters changing from 275 to 400
K. In the proposed SnS, ETL-based optimized device, V,, FF,
and consequently, the PCE decreased from 1.014 to 0.8337 V,

88.98 to 83.21%, and 31.2 to 23.99%, respectively, while J
increased from 34.574 to 34.586 mA cm™ corresponding to
the change of WT from 275 to 400 K. An increase in the
working temperature causes an acceleration of carrier velocity
in random directions, which results in unwanted collisions as
well as deformation stress; therefore, the carrier recombination
domination occurs, resulting in a marked reduction of the cell
performance.®*

In contrast, as the temperature increases, the series
resistance (R,) increases, and the diffusion length reduces
severely; therefore, the cell performance decreases mark-
edly.®>® Though high performance occurs at 275 K, we
consider 300 K to be an optimized value. Besides, this value is
approximately close to the room temperature (298 K). Thus,
the working temperature of <300 K was found to be a
favorable range for obtaining high performance from the
proposed device with the SnS, ETL.

3.10. Analysis of J-V and QE Properties of RbPbBr;-
Based Optimized Structures. Figure 11a exhibits the J—V
(current density—voltage) graphs of the circuit at the absorber
layer thickness in the range of 250—2000 nm with an

19832 https://doi.org/10.1021/acsomega.3c08285
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32.00 layer in the quantum efficiency (QE) curve of the
30.00 corresponding devices. It sharply decreased from the highest
q 2898 value (~99%) to zero, i.e., at the cutoff position of ~950 nm
= (~1.3 eV). Considering the trade-off among PV parameter
©26.00 values, the optimized thickness was chosen as 1000 nm. These

24.00 QE spectra support the obtained J—V characteristics.’”

88.40 F 4. CONCLUSIONS

£ We designed and optimized inorganic RbPbBr;-based perov-
f 8580 f skite solar cells for three different S-chalcogenide ETLs of
SnS,, WS,, and In,S; with a heterostructure of Al/FTO/ETL/
§i§2 ¥ L 1 1 L RbPbBr;/Au for the first time. The band gap alignment of
- RbPbBr; was found to match well with SnS, as an efficient
NE 3458 b electron transport compared to WS, and In,S; ETLs after a
i systematic simulation. To obtain an optimized device perform-
£ 3458} ance and understand the charge transport characteristics,
‘; including electron—hole generation and recombination, several
= 3458 L 1 L 1 major influencing parameters, such as the thickness of the
layer, bulk defect density, doping concentration, interfaces
. 0984F defect density, and working temperature, were investigated.
2 Further, a study on the optimized device with the most
>8 0.902 F potential ETL (SnS,) layer was performed to explore the
carrier generation and recombination behavior. Finally, a
0820 L . . . comparative study among PV parameters of the proposed
275 300 325 350 375 400 optimized device and those reported in the literature was
Temperature (K) performed to explore the benchmark of efficient RbPbBr;-

Figure 10. Effect of the working temperature of the RbPbBr;-based
optimized structure.

optimized N, of 10”7 cm™, N, of 10" cm™2, and N, of 10'
cm™? of the proposed PSC. The optimum absorber thickness
was found to be 1000 nm with a systematical analysis. The
PCE was found to be 29.75% with V. of 0.979 V, J,. of 34.58
mA cm™>, and FF of 87.91% for SnS,, while the PCE was 21.15
and 24.57% for In,S; and WS, ETLs, respectively.

QE refers to a ratio of the photogenerated charge carriers to
photons impacting the cell,’* " as shown in Figure 11b, for an
absorber thickness range of 250—3000 nm. The QE reached
almost saturation over the 1000 nm thickness of the absorber

based photovoltaics. The highest PCE was 29.75% for the SnS,
ETL with V. of 0.979 V, J.. of 34.58 mA cm™2 and FF of
87.91%, while PCEs of 21.15 and 24.57% were obtained for the
In,S; and WS, ETLs, respectively. Additionally, the QE results
validate the obtained outcomes. Thus, the SnS, ETL shows
strong potential for use in future high-efficiency Rb-based PSC
devices.
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B LIST OF ABBREVIATIONS

RbPbBr;  rubidium—lead—bromide
Np (N,)  shallow identical donor (acceptor) density
EA, y electron affinity

€, dielectric permittivity (relative)
(1) electron (hole) mobility

SCAPS solar cell capacitance simulator

CB conduction band

VB valence band

EBD energy band diagram

ETL(HTL) electron (hole) transport layer

Jec short-circuit current density

FF fill factor

PCE power conversion efliciency

-V current density—voltage

Nc (Ny)  conduction (valence) band effective density of
states

N, defect density

FTO fluorine-doped tin oxide

PSC perovskite solar cell

CBO conduction band offset

VBO valence band offset

SRH Shockley—Read—Hall

WE work function

PV photovoltaic

R, (Ry) series (shunt) resistance

Ve open-voltage current

QE quantum efliciency
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